Abstract. We use femtosecond time-resolved transmission spectroscopy to study the density and time dependence of transient absorption changes of CdSe nanocrystals. Our data show pronounced absorption saturation up to complete bleaching of the lowest optical transition. At high carrier density the nonlinear spectra show several peaks that can be related to the two lowest quantized electron states. Thetime dependence of the carrier-induced absorption changes indicates an ultrafast relaxation process within the strongly broadened absorption lines. 78.47.+p; 73.20.Dx; 71.35.+z In recent years, there has been a strong interest in lowdimensional semiconductor structures such as quantum wells, quantum wires, and quantum dots. The electronic states in these artificial materials are strongly influenced by size quantization effects, which occur when the dimensions of the structures become comparable to or smaller than the exciton Bohr radius aB. Then, the electronic and optical properties of the structures become determined by their geometry. Thus, the controlled fabrication of low-dimensional semiconductor structures may allow to obtain materials with predefined properties.
PACS:
78.47.+p; 73.20.Dx; 71. 35.+z In recent years, there has been a strong interest in lowdimensional semiconductor structures such as quantum wells, quantum wires, and quantum dots. The electronic states in these artificial materials are strongly influenced by size quantization effects, which occur when the dimensions of the structures become comparable to or smaller than the exciton Bohr radius aB. Then, the electronic and optical properties of the structures become determined by their geometry. Thus, the controlled fabrication of low-dimensional semiconductor structures may allow to obtain materials with predefined properties.
In addition, size quantization has been shown to lead to a significant enhancement of excitonic effects and to strongly enhanced optical nonlinearities in two-dimensional quantum wells, where the carriers are confined in only one dimension [1] . It can be expected that a confinement of carriers in two or three dimensions will lead to a further enhancement of the optical nonlinearities. Therefore, semiconductor quantum dots appear as a promising new material for nonlinear optical applications. It has been found that semiconductor crystallites with radii on the order of a few nanometer, denoted as nanocrystals (NCs), can be rather easily produced in semiconductor-doped glasses (which are commercially available as color-glass filters) or in organic solution [2] [3] [4] .
The linear absorption of such samples generally shows a correlation with the average NC size, as the lowest absorption feature shifts towards higher energies with decreasing size [3, [5] [6] [7] [8] [9] [10] [11] . While this clear sign of size quantization is easily observed, the absorption spectra of semiconductordoped glasses usually fail to show sharp exciton peaks (in contrast with two-dimensional quantum wells) or even wellseparated absorption lines that reflect the expected discrete energy spectrum of a "zero-dimensional" structure. It is commonly accepted that the presence of discrete electronic states is masked in the linear absorption by strong homogeneous and inhomogeneous broadening. The nanocrystals may vary in size, geometry, and chemical composition. These variations cause a strong inhomogeneous broadening of the optical transitions. Variations of the NC size are typically on the order of 25% [12] . This value may be reduced to a few percent by sophisticated preparation techniques, but even then the size distribution has a significant influence on the optical properties [4, 10, 13] . In addition, electron-phonon coupling and the large number of "dangling bonds" at the surface of the NCs may lead to a considerable homogeneous broadening that is at least comparable to the inhomogeneous broadening at room temperature [5, 14] .
A large amount of experimental and theoretical work has been done to determine the absorption and luminescence properties of semiconductor NCs and to gain insight in their energy structure and dominant broadening mechanisms [3, [7] [8] [9] [10] [11] 13] . The magnitude and the dynamics of the optical nonlinearities have been investigated with various experimental techniques, such as single-beam absorption saturation, [15] pump-probe measurements in the nanosecond, [4, 6, 7, 9, 10, 16] picosecond, [5, 17, 18] and femtosecond regime, [4, 19] and photon-echo experiments [11, 14, 20] .
It has been found that the optical nonlinearities may depend strongly on experimental details such as temperature, surface properties, details of the fabrication process, and even illumination history. This latter effect is observed as "photodarkening" by strong laser illumination which leads to a weak broadband reduction of the linear transmission [15, 21] and to drastically reduced lifetimes of optically excited carriers, resulting in a reduction of the luminescence First publ. in: Applied Physics B 62 (1996) intensity and of the carrier-induced absorption changes in the nanosecond time regime [16, [21] [22] [23] . Also, a large amount of theoretical work has been done using various refinements of the first effective-mass calculations [3, 24, 25] in order to understand the optical properties of semiconductor NCs [26-30, 8, 31] . In spite of these efforts, the agreement between theory and experiments generally remains rather qualitative, indicating that the insight in the physics of semiconductor NCs is still incomplete. New, detailed experimental data may help to improve the understanding of these promising materials and to gain a better insight in their electronic structure and the interactions that govern the carrier dynamics in semiconductor NCs.
In this paper, we present nonlinear transmission measurements of CdSe nanocrystals after optical excitation with high-intensity femtosecond laser pulses. We investigate the excitation density dependence and the dynamics of carrierinduced absorption changes after initial photodarkening of the sample. We observe a strong absorption saturation, up to complete bleaching of the lowest optical transition, and find that the bleaching is dominated by the occupation of electron states at room temperature. While the structure of the nonlinear absorption spectra reflects a basically discrete spectrum of electron states, the time dependence surprisingly indicates a relaxation mechanism within the corresponding absorption lines. This may possibly be explained by a strong coupling of the discrete levels to a quasi-continuum of vibrational or surface states. The manuscript is organized as follows: In Sect. 1, we briefly describe the experimental details. The experimental results are presented in Sect. 2 and discussed in Sect. 3. Our conclusions are summarized in Sect. 4.
Experimental setup
The pump-probe experiments are performed using an amplified (5 #J/pulse; 6.8 kHz repetition rate) Colliding-Pulse Mode-locked (CPM) laser to excite the sample with femtosecond pulses of 60 fs duration and a photon energy of 2 eV. Pump-induced transmission changes are measured by time-delayed "white-light" continuum pulses which are created by focusing a part of the amplified pulses into an ethylene glycol jet. We use an Optical Multichannel Analyzer (OMA) system to record the differential transmission spectra: DTS = AT(r)/To, at a fixed time delay r between pump and probe pulses. Here, To and T denote the transmission spectrum with and without excitation, respectively. The transmission changes are directly related to changes of the optical density via: DTS~ e ZX~d _ 1. All DTS are measured after some minutes of strong illumination of the probe spot with a pump fluence of several mJ/cm 2 per pulse, so that the sample is completely photo-darkened (Sect. 2.2). We measure the DTS seperately for probe energies above and below the pump energy because of strongly different probe intensities in these energy ranges. Around time delay zero, the DTS are slightly disturbed due to the chirp of the probe continuum, which reduces the overall time resolution to ~ 200 fs. We have made additional pump-probe measurements using unamplified CPM pulses at 2 eV and a fast-scan measurement scheme, where a time resolution of 50 fs and a signal-to-noise ratio of 10 -5 are obtained with an integration time of less than one minute. Details of this technique Photon energy (eV) Fig. 1 . Linear absorption and second derivative of the absorption of the CdSe NC sample are given in [32] . All measurements are performed at room temperature.
The sample is a 280 #m thick platelet of commercially available filter glass (KC-19), which is nominally doped with CdSxSel_x. Transmission electron microscopy shows that the sample contains semiconductor NCs with an average radius of 5.7 nm. The standard deviation from this average radius was estimated to be ~ 10%. The NC radius is on the order of the bulk CdSe exciton Bohr radius, which is 5.6 nm. Since Raman spectra of the sample show only CdSe lattice vibrations, we assume the sample to contain pure CdSe NCs. The linear absorption of the sample is 80 cm -1 at 2eV, i.e., 0.13% of the bulk CdSe absorption. Taking into account a local field correction f, the volume fraction of CdSe in the glass matrix can be estimated to be p = aNC/Ctbulklfl 2 [29] . With Ifl 2 ~ 0.4, for spherical CdSe NCs, this yields a concentration of ~ 0.3% in our sample.
Experimental results

Linear absorption
The linear absorption spectrum of the sample has been measured using a commercial spectrometer and is shown in Fig. 1 . We also show the second derivative of the absorption, dZc~/dw 2. Obviously, the sample exhibits a blue-shift of the absorption edge with respect to the bulk CdSe band gap of 1.751 eV at room temperature, indicating a quantum confinement of carriers in the NC's. However, the absorption spectrum resembles that of a bulk semiconductor and shows no sharp structures. The second derivative spectrum shows two weak maxima at 1.86 and 2.27 eV. The energy difference of these structures agrees with the energy splitting between the A (heavy hole) and C (split-off) valence bands in bulk CdSe, suggesting that these structures are related to the lowest optical transitions from the A and C valence bands, respectively, to the conduction band. There is no clear indication of other discrete, separated transitions in the linear absorption. 
Photodarkening
In Fig. 2 , we show transient absorption changes, measured using unamplified CPM pulses for excitation and probing in a fast-scan setup. The pump was focused to a spot of 30 /4m diameter, resulting in a pump fluence of 8.7 /zJ/cm 2. Trace A has been measured on a previously unexposed spot of the sample and trace B has been obtained on the same spot after 20 rain of illumination with pump and probe beams. The duration of each measurement was less than one minute. The pump-probe cross correlation can be well fitted assuming sech2-pulses of 45 fs duration. Both absorption transients show a bleaching at the pump wavelength, which relaxes with an initial fast and a second, much larger, time constant. The main difference between traces A and B is a drastic reduction of the slow decay rate, while the maximum amplitude and the initial fast absorption recovery time do not change much. Fitting the decay of the bleaching with a double exponential gives initial time constants of 240 fs for curve A and 200 fs for curve B, and slow decay time constants of 3ps for curve A and 1.2ps for curve B. Further illumination of the sample did not change the time dependence observed in curve B. Also, the measured absorption dynamics showed only a minor recovery after 1 h without laser exposure. Obviously, the dynamics of the nonlinearities of our sample are modified by laser-induced "darkening", which results in the opening of a non-radiative recombination channel. The darkening effect occurs much faster under illumination with higher probe fluences. In our DTS measurements, which have been performed with much larger excitation densities than the fast-scan experiment, we observed a reduction of the bleaching amplitude (at positive delay time) within less than a minute. In an experiment using frequency-doubled pump pulses [33] , the visible luminescence decayed within a few seconds. All nonlinear spectra shown in the following are obtained after strong illumination of the probe spot for a few minutes, so that the sample is completely darkened.
Density dependence
In contrast to the linear absorption spectrum, the nonlinear absorption clearly shows discrete structures, as illustrated Photon energy (eV) Fig. 3 . Absorption changes of the NC sample at various pump fluences and at a fixed time delay of 1 ps between pump and probe in Fig. 3 . There, we present carrier-induced changes of the optical density, -Acid, derived from DTS taken at various pump intensities between 7.59 #J/cm 2 and 7.87 mJ/cm 2. The pump intensities have not been exactly the same in the measurements of the high-and low-energy spectra (above and below 2.1 eV, respectively), as indicated in the figure.
All spectra are taken at a fixed time delay of 1 ps. From our time-dependent DTS measurements (Sect. 2.4), we conclude that carrier thermalization and cooling occur on a much shorter time scale. Hence, the spectra in Fig. 3 essentially show the dependence of the absorption changes on carrier density. The spectra show strong absorption saturation in the energy ranges from 1.8 to 2.1 eV, and from 2.2 to 2.5eV, i.e., around the energies of the structures observed in the second derivative absorption spectrum. At high pump intensities, the low-energy bleaching shows clearly resolved peaks. In the following, we will denote the bleaching bands by ~l to w4, corresponding to the peaks at 1.86, 1.94, 2.01, and 2.3 eV. The energetically lowest of these structures has a nearly Gaussian shape at high pump intensities, with the ~2 and co3 peaks superimposed on its high energy edge. At low excitation density, the two latter structures disappear and the a J1 band becomes more asymmetric. The asymmetry of the bleaching band at low intensities suggests a further weak transition at 1.9 eV which overlaps with the lowest peak resulting in a single bleaching band at higher excitation densities. In contrast, the absorption saturation above 2.2eV appears as a single asymmetric bleaching band at all pump intensities. At low pump intensities, we observe a weak induced absorption between the two bleaching bands, as in previous experiments [4, 19] . However, the nonlinear absorption in our experiments is obviously dominated by carrier-induced bleaching rather than possible broadening or energy shift of the optical transitions.
A striking fact visible in these spectra is the clear shift of both the low-and the high-energy bleaching maximum with varying pump intensity. The low-energy bleaching peak position continuously shifts from 1.86 to 1.89eV, and the high-energy maximum from 2.26 to 2.33 eV with increasing intensity. These intensity-dependent spectral changes of the nonlinear absorption neither match the characteristic "spectral hole burning" within an inhomogeneous absorption band nor the uniform saturation of a single homogeneously broadened transition. The observed density dependence rather suggests a gradual band-filling, due to an increasing thermal occupation of a quasi-continuum of electronic states. The col bleaching band saturates at the largest pump intensities, while the co2 and co3 peaks still increase with intensity above ~7 mJ/cm 2. The maximum absorption change at the lowenergy edge of the col band matches almost exactly the linear absorption, i.e., Ac~ ~_ Cqin in the range 1.8 to 1.9 eV. The spectra taken at pump intensities above 3.7 mJ/cm 2 show a complete bleaching in this energy range, but no significant optical gain. The bleaching band around 2.3 eV essentially shows the same behaviour as the col band. Besides the shift of the bleaching maxima, we find the same density dependence of these two bleaching bands. This is illustrated in Fig. 4 , which shows the density dependence of the bleaching amplitudes at the low-energy edge of the wl band and of the co3 and 034 bands. The data for the Do 4 band are corrected for the broadband bleaching background present at high pump intensities (Fig. 3) . Both the col and the co4 bands are characterized by a saturation of the bleaching amplitude at a pump fluence of 3-4 mJ/cm 2. The density dependence of the co3 bleaching is strongly different, as already concluded from Fig. 3 . This bleaching band becomes significant only at higher densities and does not saturate in the intensity range covered by our experiments. According to the spectra, the density dependence of the co2 band is very similar to that of the co3 band. However, the bleaching amplitude is strongly influenced by the overlap with the high energy edge of the col band. Therefore, the normalized co2 data lie between those of the of the co3 band and the wl band, and are not shown in Fig. 4 .
Time dependence
In Fig. 5 Photon energy (eV) scan experiments (Fig. 2) . Therefore, we interpret this fast time constant as the energy relaxation of carriers out of the photo-excited into lower-energy states, i.e., carrier thermalization and cooling.
The time-dependent DTS show the same bleaching bands as the density-dependent measurements after the pump pulse has passed. With increasing time delay, we observe a fast reduction of the bleaching amplitude which occurs on a time scale of a few picoseconds. The spectra at longer time delays closely resemble spectra taken at small delay, but with lower pump intensity. Therefore, we conclude that all DTS correspond to thermal distributions of the pump-excited carriers and that the time dependence of the bleaching mainly reflects the time evolution of the carrier density. The dynamics of the absorption changes are determined by a very fast decay of the photoexcited carrier density. Like the spectra taken at different densities, the time-dependent spectra show an energy shift of the bleaching peaks; with increasing time delay the col and w4 maxima shift towards the low-energy edge of the bleaching bands observed at high density. This observation suggests that the dynamics is determined by carrier recombination plus an additional energy relaxation within the bleaching bands.
The dynamic red-shift corresponds to a faster absorption recovery at higher probe energies, as illustrated in Fig. 6 . Here, we present the dynamics of the carrier-induced absorption changes at different probe energies within the col and co4 band. Taking the energies of the bleaching maxima at long time delay (1.85 and 2.27eV) as a reference, the transients shown in Figs. 6a and b correspond to equivalent positions within the two bleaching bands. In both bands, we find a continuous variation of the absorption recovery times, which become much shorter with increasing probe energy. The bleaching decay at 2.0 eV (not shown in Fig. 6 ) agrees with the 1.2 ps time constant observed in the fast-scan experiment. The transients in Figs. 6a and b are practically identical for equivalent positions in the respective band; consequently, we also observe the same dynamics of the total absorption changes that are obtained by integrating the z~c~ spectra over the width of the cJj and co4 bands. These integrated absorption changes can be taken as a measure of the occupation of the corresponding carrier states, and are shown as squares and circles, repectively, in Fig. 7 . For a better comparison of the temporal evolution, these data are normalized to the maximum change at At = 0. The normalization factor for each curve is given in the plot. Clearly, the aq and C.U 4 bands have not only the same density dependence, but also show a practically identical time dependence, indicating that the occupation of one common electronic level determines the bleaching of both bands. The slight deviation at long delay times may be caused by an additional weak induced absorption above the lowest bleaching structure that has been observed in many previous experiments.
The dynamics of the absorption recovery cannot be described by a single exponential decay. The decay of the transients measured with a pump intensity of 0.32 mJ/cm 2 clearly becomes slower at longer delay times. This behavior might suggest a strongly density-dependent recombination mechanism, such as Auger recombination [34] [35] [36] . However, plotting (1/Ac~) z as a function of time delay [36] does not give a straight line, indicating that the decay is not dominated by an Auger term. The normalized data can be fitted equally well by a double-exponential (dashed lines in Fig. 7) or a mixed exponential-Auger decay (dotted line) described by [ 
Time Delay (ps) 
N 2 assuming that N(t = 0) = 1. The latter fitting procedure gives almost identical values of r ~ 11 ps and C = 0.35 ps -1 for both bleaching bands, while the double exponential fit leads to time constants of 7-1 = 1.6ps; 7-2 = 12ps and 7-1 = 1.8ps; 7-2 = 9.2ps for the c01 and a;4 band, respectively. Taking into account the fluctuations of the ~94 data, the limited delay range and the possible influence of a weak induced absorption, the differences are not really significant. In order to check the possible importance of Auger recombination, we compare the low-density data with data obtained with a much higher excitation density. The triangles in Fig. 7 show the transient absorption changes integrated over the cot band, after excitation with a pump fluence of 10 mJ/cm 2. While the maximum bleaching (of the nonnormalized data) is about five times higher than the value measured at low density, the initial decay dynamics remains almost unchanged. This demonstrates that the absorption recovery in our experiments is clearly not influenced by Auger recombination, which should lead to an 25-fold reduction of the initial decay time constant. A double-exponential fit gives 7-1 = 2.3ps and 7-2 = 5.1 ps, while the data cannot be fitted well using (1) . Surprisingly, at long delay times, the decay in the high-density measurement remains quite fast, even after the bleaching amplitude has dropped below the values obtained in the low-density experiment. This leads to a crossing of the curves (in the non-normalized data) at ~ 13 ps which can clearly not be explained by the higher carrier density. However, previous picosecond pump-probe measurements with the same sample showed an extreme temperature dependence of the carrier lifetimes. A value of 2 ns has been found at 77 K, which is reduced to only 40ps at room temperature, indicating the thermal activation of a fast non-radiative recombination process [17, 18] . Therefore, we believe that sample heating may be the main reason for the average reduction of the decay time constants under high-intensity excitation. A rough estimation of the pump-induced temperature increase, on the basis of the average absorbed intensity and the thermal conductivity of glass, gives a value on the order of 10 K.
While this may be sufficient to cause the observed change of the decay dynamics, the corresponding shift of the band edge can not be detected in the DTS because of the large width of the bleaching bands.
Discussion
The first striking observation in the DTS is the occurrence of several discrete peaks, in contrast to an essentially unstructured linear absorption spectrum. Similar findings have previously been interpreted in terms of spectral hole burning within an inhomogeneously broadened absorption line, which corresponds to a selective excitation of a certain fraction of the NC size distribution.
However, this model can be excluded as an explanation of our experiments by a number of arguments. First of all, we do not observe spectral hole burning at the pump energy which is clearly above the lowest optical transition. The pump-induced bleaching occurs at the low-energy edge of the absorption spectrum, i.e., at the low-energy edge of the lowest optical transition. Explaining this result in the selective excitation picture would require that the pump energy coincides (only) with the low-energy edge of some specific higher transition. There is no experimental indication that this is the case. Secondly, the bandwidth of the femtosecond pump pulses, which have a full width at half maximum of ~45 meV, is larger than the inhomogeneous broadening for a typical size variation of 25%, which can be estimated to be 30-35 meV for an average radius of 6 nm [12] . In addition, higher optical transitions are expected to be rather closely spaced, so that an overlap of the pump with a part of one isolated inhomogeneously broadened absorption line seems quite unlikely. Furthermore, the observed complete bleaching of the lowest transition under high-intensity pumping could only be interpreted as a coincidence when excitation of a limited number of NCs is assumed. Finally, the DTS of our sample exhibit the same structures after excitation with a pump photon energy of 4 eV as under 2 eV excitation [33] .
However, the density dependence of the spectra clearly shows that the absorption changes are due to carrier-induced bleaching of the lowest optical transitions. An optically induced build-up of an electric field within the NCs, as proposed in [10] can be ruled out since this field would be screened, not enhanced, by an increase of the excitation density that leads to the excitation of further e-h pairs. Therefore, the DTS contain information about the lowest energy levels only. In contrast, the linear absorption is a superposition of a larger number of different transitions that can be expected to be rather closely spaced and strongly broadened at higher energies, leading to a practically continuous linear absorption spectrum.
In contrast, the discrete structures observed in the DTS reflect the underlying discrete energy structure of the NCs and allow to obtain information about specific states. Since the wl and 0.34 bands show essentially the same time and density dependence, these bleaching structures must be associated with the same, lowest, electronic level, while the w2 and w3 bands can be assigned to a higher state that is only occupied after high-energy [33] or high-density excitation. In principle, a straightforward assignment of the observed structures is possible on the basis of the simple strong-confinement approximation, in which electrons and holes are described by identical wavefunctions [3, 24] . Different quantization energies arise from the different effective masses and dipole-allowed optical transitions occur only between levels with the same principal and momentum quantum numbers.
Within this model, the occupation of the lowest (1 s) electron state should lead to a bleaching of three optical transitions associated with the three valence bands of CdSe [6, 19] . Considering literature values for the various effective masses [37] , and a NC radius of 6 nm, the strong confinement model predicts the following transition energies for the lowest optical transitions: ls--lSA, 1.83eV; ls-lsB, 1.88eV, lp--lpA, 1.94eV, lp-lpB, 2.02eV, ls-lsc, 2.27eV. These values agree quite well with the positions of the bleaching bands in our DTS data, assuming that the 1SA-and 1 sB-transitions merge into a single bleaching band.
Recent, more detailed theoretical studies indicate that the strong-confinement model is too simple and that details of the valence-band structure have to be taken into account. These calculations predict considerable changes of the selection rules and a larger number of transitions related to the lowest electron state [8] . These predictions have been supported by experimental data in [10] , where five bleaching peaks coupled to the ls electron state are reported. However, the pump-probe data presented there show mainly a broadening of all optical transitions and are interpreted in terms of build-up of an electric field within the NCs. Quite surprisingly, the data do not show several transitions associated with the lp electron state. While the energies of the four bleaching bands observed in our DTS agree also quite well with the transition energies reported in [10] (also assuming that the lowest two transitions merge into a single band), the density dependence clearly shows that the w2 and 033 bands cannot be assigned to the ls electron state.
However, the results of [8] indicate that the oscillator strength of the 1SI/2-1Se and 2SI/2-1Se transitions (in the notation of [8] ) vanish and that the 3S1/2 hole level approaches the maximum of the C-valence band for large quantum dots. Obviously, the influence of valence-band mixing decreases with NC size so that the detailed calculation and the strong-confinement model appear to become equivalent for large NCs. In fact, also the positions of the w2 and w3 bands in our DTS agree quite well with the energies of the two lowest 1Pe transitions predicted by both models. Therefore, our data do not allow a discrimination between the models and the only differences are in the different labeling of the transitions. In the following, we keep the more intuitive picture of three valence bands as in the strongconfinement model [38] . Clearly, the 034 bleaching band can only be caused by pump-excited electrons since the transition energy is higher than the excitation energy and no holes are excited into Cband states. From the time and density dependences which are essentially identical for the wl and 034 band, it can be concluded that the bleaching is dominated by electrons rather than holes for both bands. Considering that the bleaching is related to the sum of electron and hole occupation numbers, fe + fh, this means that fh is much smaller than fe. This interpretation is consistent with the observation that Density N (per QD) Fig. 8 . Density dependence of the occupation factor fe + fh for various transitions, calculated within the strong-confinement approximation the maximum absorption changes of the wl band under highdensity excitation coincide with the linear absorption. The non-observation of optical gain indicates that fe + fh ~ 1, which might be taken as an indication of hole trapping, as proposed previously [4] • However, a much smaller hole occupation can also arise from the much higher (average) density of states in the valence bands, similar as in a bulk semiconductor [39] : Due to the larger valence-band effective masses, the hole levels are much narrower spaced than the electron levels. At sufficiently high temperature, photoexcited holes will be thermally distributed over a large number of levels, resulting in much smaller hole occupation numbers. This picture is supported by picosecond pump-probe measurements, where optical gain has been reported at low temperature, but could not be observed at room temperature [17, 18] .
In order to understand the density dependence of our experimental data, we have calculated the filling factors fe + fh for a spherical quantum dot. For simplicity, we used the strong-confinement model to calculate the electron-and hole-energy spectrum for a 6 nm NC and assumed a thermal occupation of the electron and hole states at room temperature. Figure 8 shows the filling factors of the dipole-allowed transitions that correspond to the bleaching bands observed in the DTS. Obviously, the simple model gives a good qualitative explanation for the measured density dependence of the bleaching bands, as shown in Fig. 4 . In particular, the occupation factor for the lowest transition rises almost linearly up to a value close above 1, and then shows only a very slow increase with carrier density above 2-3 electron-hole pairs per NC. In contrast, the bleaching of the lp-related transitions becomes significant only after the near-saturation of the ls electron level, and saturates at much higher cartier density. Clearly, the occupation factor is dominated by occupation of electron states, since the holes are distributed over a larger number of levels at room temperature. We note that this is no specific prediction of the strong-confinement model, since including corrections due to, e.g., Coulomb interaction or details of the valence bands will not significantly change the fact that the mean hole density of states (averaged over a finite energy interval) is much larger than that of the electrons.
Considering that the general structure of the DTS can be quite well understood in terms of discrete electronic levels, as expected for a spheric quantum dot, it is very surprising that the density dependence of the spectra indicates a gradual filling of the wl and w4 bleaching bands, beginning with the lowest energies. Similar results have been presented in [6, 19] . Peyghambarian et al. [19] have considered the case of comparable homogeneous and inhomogeneous broadening and pumping at the lowest absorption line. They explained the shift of the bleaching peak by an increasing bleaching of (homogeneously broadened) transitions that correspond to smaller NCs and have only little overlap with the pump spectrum. Clearly, this can only explain a shift away from the pump maximum, which is not the case in our measurements. Therefore, this band-filling-like behavior is neither consistent with simple homogeneous nor inhomogeneous broadening mechanisms and suggests the existence of a quasicontinuum of electronic levels within the observed bleaching bands.
In addition, the decay dynamics at different probe energies indicate the presence of a fast relaxation process within the bleaching bands that occurs on a time scale of < 200 fs, according to the fast-scan data. Similar results in the timeresolved luminescence of polymers have recently been interpreted as a spectral relaxation within an inhomogeneous density of states [40] . However, this effect can be ruled out in the case of semiconductor-doped glass, since the large separation of NCs prevents a strong interaction of NCs with different sizes.
Qualitatively, these results can be interpreted in terms of a strong coupling of the discrete electronic states with a quasi-continuum of vibronic or surface states. It has been shown that a strong electron-phonon coupling exists in semiconductor NCs which can be even stronger than in bulk CdSe and that coupling with acoustic phonons dominates the optical transitions at room temperature [5, 14] . In addition, the "single cluster" absorption and emission spectra obtained in [4, 13] show pronounced LO-phonon progressions with comparable intensity as the zero-phonon line. This indicates a strong electron-phonon interaction, which means that pure electronic states do not exist, and the material has to be described by a distribution of coupled electron-phonon states [411.
For the case of LO phonons, e.g., the oscillator strength of the optical transition will be distributed in a series of equally spaced phonon-assisted transitions that correspond to the creation of one electron-hole pair plus a certain number of phonons. These will merge into a single absorption band when the linewidths and the inhomogeneous broadening are sufficiently large. Similarly, a coupling of the discrete quantum-dot electronic states with a quasi-continuum of surface states, as proposed in [13] , will lead to the formation of states with mixed character.
In each case, the coupling would lead to a certain quasicontinuous density-of-states associated with each discrete electronic level, within which an energy relaxation, e.g., vibronic or electronic relaxation, should be possible. Unfortunately, the experimental data do not allow a determination of the dominant coupling process, even if there exists a single one. Also, an exact theory that takes into account realistic electron-hole wavefunctions and all electron-phonon interactions is not yet available and will surely be a major challenge.
Conclusion
In conclusion, we present experimental data on absorption saturation of CdSe nanoerystals in a glass matrix, after photodarkening by exposure to high-intensity laser pulses. The nanocrystal size is on the order of the bulk exciton Bohr radius, causing a pronounced blue-shift of the lowest optical transition due to carrier confinement. We investigate the excitation density dependence and the dynamics of carrierinduced absorption changes following femtosecond optical excitation. Our data indicate that energy relaxation of the photoexcited carriers occurs with a time constant of 200 fs and recombination occurs on a time scale of a few picoseconds. In contrast to the linear absorption, the nonlinear absorption spectra show several discrete structures, which allow an identification of the lowest optical transitions. The density dependence of the nonlinear absorption provides information on the energy levels that are bleached by pumpinduced carriers. At low pump intensity and long pumpprobe delay times, we observe only two bleaching bands, which show the same density and time dependence. We find that the absorption saturation at room temperature is predominantly related to the occupation of electron rather than hole states; due to a much lower energy splitting of the hole states, photoexcited holes are distributed over a much larger number of levels than the electrons. Therefore, the hole occupation number fh remains much smaller than the electron occupation number re. The structures observed in the nonlinear absorption spectra can be assigned to dipole-allowed optical transitons associated with the lowest two electron states in a strong-confinement approximation. In spite of the occurrence of discrete structures, the DTS show a band-filling-like behavior that indicates the presence of quasi-continuous energy bands rather than purely discrete levels. The experimentally observed blue-shift of the bleaching maxima with increasing density can be interpreted as an increasing thermal filling of these bands. The energy dependence of the decay dynamics indicates the existence of a relaxation process within this quasi-continuum, which may be due to a strong coupling of the discrete quantum-dot states to a quasi-continuum of vibronic or surface states.
